Although the public today could be exposed to X-rays as high as 1 cGy due to diagnostic procedures, the biological effects of this low-dose range have not been well established. We searched through >23,000 transcripts in normal human fibroblasts, HFLIII, using a novel comprehensive expression analysis method. More than 200 genes were up-regulated transiently by 1 cGy of X-rays during the 1-hour period after irradiation. We determined the nucleotide sequence of 10 up-regulated transcripts with the greatest rate of increase in the irradiated HFLIII cells. Three of the 10 transcripts encoded CXC chemokines (CXCL1, CXCL2, and CXCL6). The rest included the transcripts of other secretory products (secretogranin II, thrombospondin type I domain containing 2, amphiregulin, and interleukin-6) and unknown genes. To test the involvement of CXC chemokines in cells irradiated with low doses, we irradiated HFLIII cells with 1 to 20 cGy X-rays and transferred the media from HFLIII culture to two melanoma cell lines characteristic of excessive numbers of the CXC chemokinespecific receptors. The growth of these melanoma lines were significantly stimulated by the medium from HFLIII irradiated at 1 to 5 cGy. Our results indicate that human cells respond to doses of radiation as low as 1 cGy, and mechanisms alternative to those involved in moderate/high-dose studies have to be considered in understanding the biological effects of diagnostic level radiation. In addition, our comprehensive approach using a novel expression profiling method is a powerful strategy to explore biological functions associated with very low levels of toxic agents. (Cancer Res 2005; 65(22): 10159-63) 
Introduction
Ionizing radiation is known to be a potent carcinogen. Mortality studies of atomic bomb survivors indicate that the incidence of solid cancer is significantly associated with radiation exposure (1) . Ionizing radiation at moderate and higher doses (0.1-10 Gy) can produce DNA strand breaks that may cause programmed and mitotic cell death. Studies of mutants sensitive to ionizing radiation at this range of doses have revealed that the responsible genes play important roles in preventing cells from malignant progression in somatic cells (2) . In the biochemical pathways in which these molecules are involved, the number of participant molecules has been found to be transcriptionally regulated (3) . In contrast to marked progress in studies on radiation at higher doses, molecular mechanisms for ionizing radiation at low doses (<20 cGy) have not been well characterized. Experimental data from various long-term mouse studies suggest that ionizing radiation at doses of <20 cGy is ineffective in inducing solid neoplasms (4) . However, there is some evidence that this level of radiation affects the normal cellular response. For instance, pretreatment of cells with very low doses of X-rays (0.5-1 cGy) reduces the frequency of chromosomal aberrations induced by lethal doses of ionizing radiation (5) . A recent epidemiologic study showed that Japan has the world's highest attributable diagnostic X-ray risk and the highest estimated annual exposure frequency in the world (6) . Reliable quantitative and mechanistic information is necessary to explain these potential effects of ionizing radiation at the diagnostic exposure level. Recent advances have enabled us to use a comprehensive approach in biological studies of humans and other species. DNA microarrays have been used to observe genes responsive to low-dose ionizing radiation in human cells (7, 8) . We developed an amplified fragment length polymorphism-based gene expression profiling method called ''high-coverage expression profiling'' or HiCEP (9) . Using this novel technology, we did comparative analyses of gene expression for f23,000 transcripts in normal human fibroblasts and found that low-dose X-rays up-regulated a distinct set of chemokines that have not been shown to be associated with radiation.
Materials and Methods
Human diploid primary fibroblasts, HFLIII, derived from normal human embryonic lung tissue (11 weeks) were purchased from Riken Bio-Resource Center (Ibaraki, Japan). Cells were cultured in Ham's F-12 medium (Invitrogen, Carlsbad, CA) supplemented with 15% fetal bovine serum (JRH Biosciences, Inc., Lenexa, KS) and antibiotics (50 units/mL penicillin and 50 Ag/mL streptomycin). Two pairs of flasks (total of four) of cultured cells were prepared to confluent at f10 7 . Flow cytometric analysis indicated that the G 1 content was >90%. The cells were irradiated and sham irradiated with 1.0 cGy (60 mGy/min) using the X-ray (200 kV, 5.8 mA) generator, Pantac HF-320 (Shimadzu, Kyoto, Japan). Total RNA was extracted from the cells irradiated and nonirradiated at both 1 and 2 hours after irradiation with RNeasy (Qiagen, Hilden, Germany) by following the protocols recommended by the supplier. HiCEP analysis was done in duplicate as described in a previous article with 1 Ag of total RNA (9) . Throughout the process of the HiCEP analysis, we used the technical service of MessengerScape Co., Ltd. (Tokyo, Japan). The cDNA fragments were isolated from 10% polyacrylamide gels, and sequences were determined using the PRISM310 Genetic Analyzer. Quantitative PCR was done using the PRISM7500 Real-time PCR system with Taqman Universal PCR Master Mix and Taqman Gene Expression Assays, which are preoptimized for each target of human CXCL2, CXCL6, secretogranin II (SCG2), thrombospondin type I domain containing 2 (THSD2), amphiregulin (AREG), interleukin-8 (IL-8), and glyceraldehyde-3-phosphate dehydrogenase as an internal control (Applied Biosystems, Foster City, CA). Two human melanoma cell Table 1 , transcript ID 3 ). B, pairwise comparison of comprehensive gene expression between the cells exposed to X-ray (1 cGy) and nonirradiated control. The results were individually shown at 1 hour (left ) and at 2 hours (right) after irradiation. Dots represent for f23,000 genes. For each, the averaged height of two technical repeats was plotted at its irradiated condition versus nonirradiated (control ) condition onto Y-axis versus X-axis, respectively. Dots on top of upper broken line, genes whose irradiated expression levels were at least 2.3-fold greater than their nonirradiated levels. Numbers for dots 1-10, correspond to those for the transcripts listed in Table 1 . Table 1 . Expression profiles of 10 genes, which showed the highest expression in the X-irradiated cells relative to control lines, A375 and A2058, were purchased from the American Type Culture Collection (Rockville, MD). Expression of CXC chemokine receptors in both cell lines were described previously (10) . The nucleotide sequence of a novel transcript at chromosome 11q14.1 was deposited at Genbank/European Molecular Biology Laboratory/DNA Data Bank of Japan with the accession no. AB217599.
Results Figure 1 shows the present HiCEP profile of a gene expression obtained from the human primary cells. In the profile, peaks at different positions represent transcripts from different genes. The peak height corresponds to the degree of gene expression. Consistent profile from duplicated analyses shows the excellent reproducibility of the HiCEP data ( Fig. 1A ; Table 1 ). A pairwise comparison study was done of cells exposed to X-rays (1 cGy) and nonexposed cells. The result of both pairwise comparisons at 1 and 2 hours after irradiation were shown (Fig. 1B) . Of 23,315 peak profiles examined, there were 221 peaks that showed levels of expression in the irradiated cells elevated by >1.5-fold and 39 transcripts elevated by >2-fold at 1 hour after irradiation. In the following hour, most of the elevated peaks returned to nonirradiated control levels. After all, only seven transcripts maintained the greater level of expression by >1.5-fold in the irradiated samples (Fig. 1B) . On the other hand, 19 transcripts down-regulated their expression levels by >2-fold in the same time period. None of the down-regulated peaks, however, gave consistent expression patterns throughout the length of time. Therefore, we focused on the 10 up-regulated transcripts with the greatest rate of increase in irradiated cells. We physically isolated the selected peaks and determined the nucleotide sequence of each cDNA fragment. By searching the current human genome databases with the obtained sequence, we identified the gene responsible for each cloned transcript ( Table 1 ). The transcript exhibiting the greatest ratio of induction (4.38Â) matched an open reading frame located at human chromosome 11q13.1 (accession no. AP003554) followed by three genes coding CXC motif chemokines (CXCL2, CXCL6, and CXCL1) and IL-6. Other named genes were SCG2, AREG, THSD2, and ubiquitin-specific protease 49 (USP49). Quantitative PCR using transcript-specific primers confirmed the results of the comprehensive analysis (Fig. 2) . Induction of all the CXC chemokine genes were reproduced in our independent experiments using X-rays at similar doses (V5 cGy) by the conventional quantitative PCR (data not shown).
Because three of the CXC chemokines were up-regulated by low doses of X-rays, we wanted to test if cells with a high number of these chemokine receptors show any physiologic changes after irradiation. We used two human melanoma cell lines (A375 and A2058) expressing an excessive number of membrane receptors, which specifically bind to chemokines with CXC motifs. These two cell lines exhibited growth advantages in the presence of chemokines through their receptors (10) . The culture media of the melanoma cell lines were replaced by media from irradiated HFLIII cells at 1 hour after irradiation. Significant growth stimulation was observed in both melanoma cell lines placed in media transferred from HFLIII cultures irradiated at 0 to 5 cGy (Fig. 3) . This result suggests that the induction of CXC chemokines in irradiated HFLIII cells activated the growth of melanoma cell lines through their chemokine receptors. Quantitative PCR was done as described in the Materials and Methods. Expression levels of the CXCL2, CXCL6, SCG2, THSD2, AREG , and CXCL8 (IL-8 ) genes at 1 hour after irradiation with X-rays at 1 cGy. Columns, expression levels of three independent quantitative PCR assays. The expression level of each target gene was normalized using the corresponding internal control (glyceraldehyde-3-phosphate dehydrogenase). Relative expression of the target genes (shadowed columns ), where the value of the nonirradiated control has been normalized to 1.0 (white columns ).
Discussion
By screening 23,315 peaks that hypothetically represent f70% of all the genes expressed in the normal human fibroblasts, we identified eight named and two unknown transcripts whose expressions were transiently up-regulated by >2-fold in cells irradiated with X-rays at a dose of 1.0 cGy. This is the first reported evidence at the gene level showing that human cells from normal tissue can respond to 1 cGy near the possible maximal dose of current diagnostic X-rays (11) .
Studies with DNA microarrays have shown a dose-response relationship for the induction of five genes (CDKN1A, MDM2, GADD45A, ATF3, and BAX) in response to acute gamma ray exposures between 2 and 50 cGy (7). Some of the identified genes were significantly responsive to 50-cGy radiation at dose rates as low as 0.28 cGy/min, whereas a human myeloid cell line, ML-1, shows apparent hypersensitivity to this range of doses. We tried to investigate the more general effects of low-dose radiation on normal human cells. HFLIII cells show several features relevant to normal human tissue: normal karyotype, being stable at G 0 stage for many days, ability of contact inhibition, etc. (Riken Cell Bank information; ref. 12) . Before the present study, we applied HiCEP analysis to HFLIII cells exposed to X-rays at a dose of 2 to 4 Gy, which causes apparent cell death and chromosomal abnormalities. A marked increase in expression was detected in the peaks corresponding to CDKN1A, DDB2, and CCNG1 within 2 hours after irradiation. 7 In contrast, none of these genes changed their levels of expression under the present low-dose conditions.
The most striking result in the present study is coexpression of a distinct subset of chemokines containing the CXC motifs: CXCL1 (Groa), CXCL2 (Groh), and CXCL6 (GCP-2). Chemokines are groups of small structurally related molecules that regulate cell trafficking of various types of leukocytes through interactions with a subset of seven-transmembrane G protein-coupled receptors (13) . In particular, CXCL8 (IL-8) is a potent chemoattractant for neutrophils that is produced by many cell types in response to inflammatory stimuli. In the HiCEP profile, at the exact position where the transcript for CXCL8 was expected, we found an overscaled peak, which had to be excluded from the comparative analysis (data not shown). Further analysis by a quantitative PCR procedure revealed that CXCL8 increased by >2-fold in the cells exposed to low-dose X-rays, as did other responsive chemokines (Fig. 2) . Although there are some reports showing that ionizing radiation induces certain inflammatory cytokines, including IL-8 and/or IL-6, it does exclusively by higher equivalent doses of ionizing radiation than the doses used in the present study (14) . Recently, another comprehensive gene expression study was published by Ding et al. (8) . The authors used primary normal human skin fibroblasts and showed that a subset of genes were induced by low-dose X-ray (2 cGy) at a dose rate of 20 cGy/min. Because none of their low-dose-responding gene was on our list, a high variability of transcriptional responses to ionizing radiation seems to exist among different cell lines and tissues.
The genes for CXC chemokines are located in a cluster in the chromosomal region of 4q12-13. In the same region, AREG, a member of the epidermal growth factor family, was also upregulated at 2.4-fold 1 hour after irradiation ( Table 1) . Expression of the AREG gene correlates with the development of psoriatic lesions, a common human skin inflammatory disease (15) . Genes at the chromosomal loci outside the chemokine cluster regions are also up-regulated. THSD2 (6q22.3) was originally discovered as a secretory product of platelet a-granules (16) . SCG2 (2q36.1) and its paralogues well conserve the chromosomal synteny and the peptide sequences between humans and mice, suggesting the functional relevance of the gene, which has not yet been clearly determined (17) . Although most of the genes listed in Table 1 encode extracellular proteins, USP49 is exceptionally a homologue of the Drosophila TBP-related factor-proximal protein associated with a RNA polymerase II-SRB complex (18) .
Consistent with the result of the HiCEP study, our in vitro experiment showed that the irradiated HFLIII cells produced soluble factors in the medium, which accelerated growth in two different melanoma cell lines (Fig. 3) . This is a good example of low-dose X-rays inducing a medium-mediated bystander effect. A similar study was recently reported using a little higher dose of Xrays (>0.1 Gy) than the doses used in our studies (19) . It remains to be clarified if the genes we identified could generally mediate the response of such bystander effect.
Some epidemiologic studies have warned the risk of excessive use of low-dose ionizing radiation at diagnostic levels concerning malignancy (6, 11) . Up-regulation of CXC chemokines has also been observed in the progression of certain tumor types (20, 21) . Recently, the expressions of AREG and IL-6 genes were found to be up-regulated in multiple myeloma cells (22) . The proinflammatory Growth stimulation of melanoma cell lines, which express CXC chemokine receptors by supernatant from irradiated HFLIII. Human melanoma cell lines, A375 (left ) and A2058 (right ), were seeded at 10,000 cells per dish 1 day before the experiment. Culture of HFLIII primary cells was exposed to X-rays at each indicated dose (0, 1.0, 2.0, 5.0, 10.0, and 20.0 cGy). At 1 hour after irradiation, the culture medium over the melanoma cell lines (A375 and A2058) was removed and replaced by media collected from the irradiated HFLIII cell cultures. Forty-eight hours after the medium replacement, these recipient melanoma cells were counted using the Coulter counter Z1 (Beckman Coulter, Fullerton, CA). Points, mean numbers of cells per well for each dose of three independent experiments; bars, FSE.
response induced by very low dose X-rays seemed only acute; thus, it may not be directly associated with the malignant phenotypes in previous studies. Nevertheless, such inflammatory responses could help promote malignant progression under repetitive conditions or modulate the normal cellular response to higher doses of radiation and other carcinogenic factors. The fact that 12-O-tetradecanoylphorbol 13-acetate, one of the typical promoters in carcinogenesis, can induce CXC chemokines supports this hypothesis (23) .
Our results show that the novel expression profiling method, HiCEP, has great advantage over other common methods for detecting minimal alterations in gene expression. It can detect an increase in expression as small as 1.5-fold and covers 70% to 80% of all transcripts, including noncoding transcripts and unknown and known genes (9) . Extensive bioinformatic studies from the human genome project have predicted great numbers of open reading frames, which remain to be confirmed. Here, we detected two novel transcripts (Table 1) . A transcript named ''smamer'' (accession no. AP003554) is located in the region of human chromosome 11q13.1 presumably encode a peptide of 109 amino acids, although no homology is known with any other proteins. In addition, we provided the first evidence of expression of another unknown gene transcribed at the genomic region partly shared with a deposited cDNA clone (accession no. CV336846). Further study is required to determine what role, if any, is played by this apparent noncoding transcript in the cellular response to low-dose ionizing radiation. Further analysis of the transcripts showing altered expressions should reveal mechanisms involved in the peculiar cellular responses to low-dose ionizing radiation and should also accelerate the completion of an entire portrait of the human genome (24) .
